The core cell cycle component, CYCD7;1 requires stomatal transcription factors for its GMC-specific 18 expression; CYCD7;1 promotes the single symmetric division that ensures production of a 2-celled 19 stomatal complex. 20 21 Abstract 22 Plants, with cells fixed in place by rigid walls, often utilize spatial and temporally distinct cell division 23 programs to organize and maintain organs. This leads to the question of how developmental regulators 24 interact with the cell cycle machinery to link cell division events with particular developmental 25 trajectories. In Arabidopsis leaves, the development of stomata, two-celled epidermal valves that 26 mediate plant-atmosphere gas exchange, relies on a series of oriented stem-cell-like asymmetric 27 divisions followed by a single symmetric division. The stomatal lineage is embedded in a tissue whose 28 cells transition from proliferation to post-mitotic differentiation earlier, necessitating stomatal lineage-29 specific factors to prolong competence to divide. We show that the D-type cyclin, CYCD7;1 is 30 specifically expressed just prior to the symmetric guard-cell forming division, and that it is limiting for 31 this division. Further, we find that CYCD7;1 is capable of promoting divisions in multiple contexts, 32 likely through RBR-dependent promotion of the G1/S transition, but that CYCD7;1 is regulated at the 33 transcriptional level by cell-type specific transcription factors that confine its expression to the 34 appropriate developmental window. 35 36
48
cells in a process that requires them to first become self-renewing and multi-potent, but then to navigate 49 an ordered set of divisions and differentiation programs to create the mature stoma (Matos and 50 Bergmann, 2014). Stomatal development requires three essential, stage-specific, basic-helix loop-helix 51 (bHLH) transcription factors, SPEECHLESS (SPCH), MUTE and FAMA and their broadly expressed 52 heterodimer partners SCRM/ICE1 and SCRM2 (Kanaoka et al., 2008) ( Fig 1A) . SPCH drives 53 asymmetric cell divisions that initiate the lineage, creating meristemoids (M) that may undergo 54 continued self-renewing divisions. Plants lacking SPCH have no stomatal lineage. MUTE is essential to 55 terminate the asymmetric self-renewing divisions and to induce the differentiation of meristemoids into Here we show how the cell cycle and cell fate transition from GMCs to GCs is regulated by the 84 stomatal-lineage specific G1-S phase cell cycle regulator CYCD7;1. We demonstrate that CYCD7;1 85 activity is that of a typical D-type cyclin, but its expression window is narrowed by stomatal lineage 86 specific transcription factors. By examining how CYCD7;1 works with the core cell-cycle machinery 87 and with stomatal regulators, and by revealing the phenotypes upon loss and gain of CYCD7;1 function, 88
we link a core cell-cycle regulator with a specific differentiation process and show how a formative 89 division is initiated but also restricted to allow "one and only one division" in GMCs to create a 90 physiologically functional valve structure from its two identical daughters. 91 92
Results

93
CYCD7;1 is expressed prior to the last symmetric division in the stomatal lineage 94
Among the 10 known D-type cyclins in Arabidopsis, CYCD7;1 was uniquely enriched in transcriptional 95 profiles of Fluorescence Activated Cell Sorting (FACS) isolated cells of the late stomatal lineage 96 (Adrian et al., 2015) . We confirmed this predicted expression in GMCs with transcriptional and 97 translational reporters ( Fig. 1C -E) and observed that additional copies of CYCD7;1-YFP could force 98 ectopic divisions in GCs, suggesting that the protein could play a role in regulating this division ( Fig.  99 1C, white arrowhead). A translational reporter, pCYCD7;1:CYCD7;1-YFP, was characterized previously 100 as peaking in GMCs (Adrian et al., 2015); however, the identity of CYCD7;1 expressing cells was only 101 assessed by morphology. To refine the expression pattern, we co-expressed pCYCD7;1:CYCD7;1-YFP 102 with CFP reporters for SPCH, MUTE and FAMA ( Fig. 1F-N) . SPCH-CFP and CYCD7;1-YFP 103 expression appear to be mutually exclusive, suggesting that CYCD7;1 is not expressed in meristemoids 104 ( Fig. 1F-H ). MUTE-CFP and CYCD7;1-YFP overlap in some cells, but we also see cells expressing 105 only MUTE or only CYCD7;1. Cells that only express MUTE had the morphology typical of 106 meristemoids, suggesting that MUTE is expressed before CYCD7;1 ( Fig. 1I-K) . When compared to 107 FAMA expression, CYCD7;1-YFP appears to be expressed before FAMA-CFP in GMCs, briefly 108 together with FAMA in newly divided GCs, and then disappears before FAMA in GCs ( Fig. 1L-N) . 109
Thus, the expression of CYCD7;1 in the stomatal lineage is temporally and spatially controlled and 110 starts after MUTE expression and finishes before FAMA expression ( Fig. 1A) . 111
112
We did not observe expression of CYCD7;1-YFP in any vegetative tissue from the seedling stage 113 through flowering (data not shown). In adult plants, CYCD7;1-YFP was expressed in pollen sperm cells 114 at anthesis, but not in the vegetative nucleus ( Fig. S1 ). The expression of a D-type cyclin (typically 115 expressed at G1/S) is consistent with the observations that sperm cells undergo an extended S phase in 116 mature pollen grains (Friedman, 1999; Zhao et al., 2012) . 117 118 Why does CYCD7;1 have such a restricted expression pattern in the stomatal lineage? One possible 119 explanation is that CYCD7;1 has a unique function in GMC divisions. A second possibility is that 120 CYCD7;1 has a canonical role, i.e. it acts like other cyclins in promoting cell divisions, but it is 121 important to be able to tightly control deployment of that role in the stomatal lineage. To distinguish 122 between these models, we characterized plants missing or misexpressing CYCD7;1, tested relationships Next, we asked if mutations of CYCD7;1 result in abnormal phenotypes. We obtained multiple alleles of 135 CYCD7;1: FLAG_369E02 (cycd7;1-1 (Collins et al., 2012), FLAG_498H08 (cycd7;1-2), GK_496G06-136 019628, SALK_068526 and SALK_068526 ( Fig. S2A ). We determined by qRT-PCR that cycd7;1-1 137 (FLAG_369E02) produced no transcript ( Fig. S2B ). On a whole plant level, we could not detect any 138 abnormalities in cycd7;1-1 compared to wild type ( Fig. S1C ). Because CYCDs promote G1/S transitions 139 and CYCD7;1 is specifically expressed during the GMC divisions, we asked whether cycd7;1-1 mutants 140 halt this transition by counting GCs in cotyledons. Mutants in cycd7;1-1 do not display fewer GCs 141 compared to wild type 7 days after germination (dag) ( Fig. S2D-F ). However, at 4 dag, when cells in the 142 earlier stages of the stomatal lineage are abundant, cycd7;1-1 cotyledons have more GMCs compared to 143 wild type cotyledons ( Fig. 2D ). Interestingly, the average size of cycd7;1-1 GMCs is larger than wild 144 type ( Fig. 2E ). We confirmed that these GMC abundance and size phenotypes were present in plants 145 bearing a different allele of CYCD7;1 (cycd7;1-2) ( Fig. S2G, H) . Plant cells are known to increase in 146 size during G1, so this phenotype suggests that CYCD7;1 hastens cell cycle progression in the GMC to 147 GC transition. Because cycd7;1-1 is the null allele, we characterized its phenotypes in more detail. We 148 introgressed pCDKB1;1:GUS, which labels the transition from GMC to GCs (Boudolf et al., 2004 ), into 149 cycd7;1-1 mutants. Compared to wild type, cycd7;1-1 mutants show increased number of GUS-positive 150 cells suggesting that these cells remain longer in GMC fate before they divide into GCs ( Fig. 2F-H) . To 151 directly test this hypothesis, we labeled S phases with 5-ethynyl-2'deoxyuridine (EdU) a thymidine 152 analogue readily incorporated during DNA replication ( Fig. 2I, J) . Strikingly, significantly fewer GMCs 153 in cycd7;1-1 showed EdU labeling (indicating that they were in S phase during the EdU pulse) 154 compared to wild-type GMCs (Fig. 2K ). Together these data suggest that CYCD7;1 is required for 155 GMCs to make a timely entry into S phase before their transition into GCs. 
CYCD7;1 expression domain is constrained by stomatal lineage transcription factors 186
Our evidence points to CYCD7;1 acting like a canonical CYCD, therefore we turned our attention to 187 regulation of its highly restricted expression pattern. Three transcription factors are contemporaneously 188 expressed with CYCD7;1-MUTE, FAMA and FLP ( Fig 1I-K) -but MUTE precedes CYCD7;1 while 189 the others persist longer. Given these patterns, we tested whether MUTE was necessary for CYCD7;1 190 expression. When pCYCD7;1:CYCD7;1-YFP was crossed into the mute mutant, we could observe the 191 typical mute phenotype of many small meristemoid-like cells that fail to differentiate into GMCs 192 (Pillitteri et al., 2007) . In a few of these meristemoid-like cells, we detected weak CYCD7;1-YFP signal 193 ( Fig. 4A,B ). Fluorescence intensity measurements showed that CYCD7;1-YFP signals in mute are ~50% 194 reduced ( Fig 4C-F) indicating that MUTE promotes CYCD7;1 expression, though it is not absolutely 195 essential for it. In none of these images did we observe any ectopic divisions of the meristemoid-like 196 cells. 197
198
CYCD7;1 appears to be repressed during FAMA's expression peak. We therefore tested whether 199 FAMA, in its role as the master transcriptional regulator of stomatal division and differentiation, is a 200 direct regulator of CYCD7;1. In fama mutants GMCs divide repeatedly without attaining GC fate ( Fig.  201 5A-E) and these "tumors" express CYCD7;1-YFP ( Fig. 5B,C) ; although the reporter fades in older 202 leaves suggesting that CYCD7;1-YFP is also subject to posttranslational regulation ( Fig. 5D,E The phenotypes of loss and gain of CYCD7;1 activity suggest that its narrow window of expression is 217 essential to guarantee a 2-celled stomatal complex. Using the FAMA promoter in wild type, thus driving 218 CYCD7;1 slightly later than under its endogenous cis-regulatory control, we find a dramatic 219 enhancement of ectopic divisions (Fig. 5G-K ). Compared to pCYCD7;1:CYCD7;1-YFP in which ~24% 220 of stomata were four-celled at 5 dag, in pFAMA:CYCD7;1-YFP, that number was ~70%, with 2% of 221 stomata being 8-celled (N=237). The amount of four-celled stomata increases to 87% at 12 dag, with 222 another 2% being 8-celled (N=153). (Fig. 5K ). Quantification of fluorescence intensity indicates that 223 expression with FAMA and CYCD7 promoters yields equivalent levels of CYCD7;1-YFP in GMCs ( for MUTE in activating CYCD7;1 expression. MUTE is structurally similar to FAMA, and therefore 264 might be able to interact with CYCD7;1 regulatory sequences. Alternatively, as meristemoid cells in 265 mute never transition into GMCs, low CYCD7;1 levels may be an indirect consequence of altered cell 266 fate. In either case, it is notable that the introduction of CYCD7;1-YFP in mute did drive not additional 267 meristemoid cell divisions suggesting that CYCD7;'s division-promoting behavior requires a threshold 268 level not reached in this genetic background. 269
270
It is tempting to speculate that spatiotemporal restriction of CYCDs could be a mechanism to control the 271 cell cycle machinery more efficiently and to cope with different developmental programs. The 272 importance of these specialized CYCDs, however, must be squared with the relatively minor phenotypes 273 associated with their loss-neither CYCD7;1 nor CYCD6;1 mutants abolish the production of 274 specialized cells or tissue layers ( Seedlings were transferred to new tubes and washed twice for 10 minutes at room temperature with 368 wash buffer on a slow rocking platforms, protected from light. Cotyledons were imaged using a Leica 369 SP5 microscope not more than two hours after the completion of washes and processed in ImageJ. 370 371 qPCR 372 100 mg ground frozen material from 8-day old plants was used for RNA extraction according to the 373 manufacture's manual (RNeasy Mini Kit, Qiagen, Germany). 1µg total RNA was used as a template for 374 cDNA synthesis (iScript cDNA synthesis kit, BioRad, CA, USA). qPCR setup was according to the 375 manual of the SsoAdvanced Universal SYBR Green Supermix (BioRad, CA, USA). qPCR was 376 performed by CFX96 Real Time C1000 Thermal Cycler (BioRad, CA, USA) according to the following 377 reaction conditions: 95°C for 30 s, followed by 39 cycles at 95°C for 10 s and at 60°C for 30 s. ACTIN 378 was used as a reference gene for all qPCRs performed. Primers can be found in Table 1 . 379 380 
